Field observations and laboratory experiments were performed to evaluate boundary-layer transfer coefficients for a fluttering plant leaf. Within a canopy, a plant leaf sometimes showed a periodic and lateral vibration for a few seconds at a time, when the fluctuation frequency of the main flow in wind was nearly equal to the characteristic frequency of the leaf.
Introduction
The leaf temperature, transpiration and photosynthesis of a plant depend on the convection coefficients of energy and mass transfer across a boundary-layer on the leaves, as well as on meteorological and physiological factors. Formerly, transfer coefficients for a laminar boundary-layer on a flat plate were frequently used for plant leaf studies. However, it has been pointed out that the conventional transfer coefficients and some of their characteristics obtained from the experiments in a laminar wind tunnel are not applicable to natural plant leaves which often flutter in fluctuating wind in the field (Hunt et al., 1968; Pearman et al., 1972) . Although many studies have been performed on the boundary-layer transfer coefficient for a plant leaf (Monteith, 1973; Haseba and Ito, 1980) , it is difficult to make clear the characteristics of the transfer coefficient of a fluttering leaf. Raschke (1956) indicated the presence of an effect of the leaf fluttering on the boundary-layer transfer. Parkhurst et al. (1968) showed a small difference between an average heat transfer coefficient for an oscillating disk in a turbulent flow and that for a stationary one in an undisturbed flow. Haseba and Takechi (1973) found that, in an air-flow with relatively low intensity of turbulence above the bare ground, the water-vapor transfer coefficient for a stationary horizontal square plate was nearly equal to that estimated according to the conventional laminar boundarylayer theory.
On the other hand, Parlange et al. (1971) have concluded that, compared to a steady laminar flow, the turbulence of an artificial wind increases the boundary-layer transfer coefficient for an oscillating leaf by a constant factor and the fluttering of the leaf has no effect on this factor. Similar results were found for reed leaves in the natural environments (Parlange and Waggoner, 1972) . Model experiments for a fluttering leaf were performed using an elaborate electrochemical method developed by Schuepp (1972) . Later, he investigated the heat and moisture transfer from a flat surface in an intermittent flow (Schuepp, 1980) . Haseba (1973) showed that, in a turbulent air-flow similar to that within a natural canopy, the transfer coefficient for a stationary square surface is larger by a factor of 1.0 to 1.5 than that calculated from the laminar theory and that the factor is dependent on turbulence intensity. Haseba (1975) has shown that the transfer coefficient for a flat leaf model fluttering resonantly with the fluctuation of main flow is larger by a factor of 1.0 to 1.6 than the estimated value from the theory and that the factor depends on the fluttering number and the attack angle of the airflow to the model surface.
These investigations, unfortunately, did not cover a sufficiently wide range of wind speeds, fluctuation frequencies or leaf dimensions. Therefore, it is necessary to research the phenomena of transfer from a fluttering leaf with various dimensions in the air-flow with intensities of turbulence similar to natural wind. the amplitude of fluttering of the leaf were measured using motion picture film which was later projected slowly by a factor of one ninth of the real motion. Plants observed were sunflower, cucumber, soybean, potato, rice-plant, barley, broad bean and taro. For measuring the characteristic frequency of a leaf, some sample leaves were picked at the same time when natural fluttering was observed. They were vibrated freely in the laboratory after fixing the end of the petiole, and recorded on motion picture film.
In the field, a plant leaf fluttered complexly and irregularly. The fluttering of a leaf seemed to be due to the combination of torsion and bending of the petiole, leaf and branch, so that it was difficult to investigate every variation of fluttering. On the other hand, a relatively periodic vibration of a leaf was frequently observed for a few seconds at a time. This vibration was normal to the leaf surface (lateral vibration) owing to the bending of the petiole. In most cases, it was simultaneous with the fluctuation of wind speed. The subjects brought up for discussions in this paper will be confined to the periodic fluttering of a leaf resonant with the wind speed fluctuation. The number of the relatively regular fluttering of a leaf in the fields was nearly equal to the characteristic frequency of the leaf. This agrees with the fact obtained about the interaction of "turbulon" and the oscillation of plants (Inoue, 1955) . The frequencies of the periodic fluttering of the soybean and potato leaves of 3 to 12 cm in leaf length ranged from 2 to 6 Hz, those of broad bean ones of 6 to 7 cm in length ranged from 2 to 3 Hz, those of sunflower and cucumber ones of 6 to 27 cm in length ranged from 1 to 6 Hz, those of rice-plant and barley ones of 22 to 41 cm in length ranged from 1 to 3 Hz and those of taro ones of 18 to 40 cm in length ranged from 0.5 to 2 Hz. The number of leaf fluttering in the wind decreased with an increase in leaf dimension.
For every plant observed, the amplitude of the leaf fluttering was large when the fluttering number was low and extremely small at high numbers. These results agree with those obtained by Haseba (1975) .
For sunflower leaves, the amplitude decreased from 4 to 1 cm with increasing fluttering numbers from 1 to 2 Hz, while those ranged from 1 to 0.5 cm at fluttering numbers higher than 3 Hz.
Within canopies of sunflower, soybean and riceplant, the intensity of turbulence ranged from 100 to 200% in weak winds below 0.1 m sec-1 in mean wind speed, and about 30% at wind speeds of about 0.2 m sec-1 above which the intensity decreased to small values ranging from 10 to 30%. The values of turbulence intensity in strong winds were smaller than those observed within a citrus canopy (Haseba, 1975) .
Convection coefficient of water-vapor transfer from fluttering leaf model
Experimental procedures
It is difficult to evaluate the transfer coefficient for an irregularly fluttering leaf in the fields, because of a difficulty in simulating the complex pattern of the fluttering in a laboratory.Therefore, water-vapor transfer coefficients were evaluated for a regularly fluttering leaf model in a turbulent wind tunnel.
To simulate the natural wind, a special equipment was devised. A disk of 1.5 m in diameter was used to intercept intermittently the air-flow into the test section of a wind tunnel (Fig. 1) . The disk was divided into eight sectors of equal size. A pair of the sectors in a point-symmetric position about the circular center was boarded to intercept the air-flow. The disk had two pairs of the sectors with plastic net stretched between both sides of each boarded area. The residual two sectors were plain. The disk was placed at a distance of 10 cm from the outlet of a laminar wind tunnel with a 40 cm x 40 cm square test section and turned with a variable-speed electric motor using a belt drive at a constant revolution speed. A turbulent airflow with a periodic change in main stream speed was produced after the air passed through the plain areas and the meshes of the net of the disk. The pattern of fluctuation of the artificial flow was similar in appearance to that of the wind within a plant canopy where a periodic fluttering of a leaf was observed (Haseba, 1975) . The turbulence intensity of the artificial flow ranged from 70 to 200% and from 20 to 50% below and above 10 cm sec-1 in the mean flow speed, respectively.
Leaf models were made of rectangular plates with thickness of about 0.5 mm. Their dimensions were 1 to 32 cm both in length and width. Sixtyfive plates were used to measure evaporation. The inner material of each plate was a plastic sheet. The leading edge of the plate was shaped into a knife edge form. The upper model-surface which was covered with smooth blotting paper containing enough water was the evaporating surface. 
2. Results A comparison of the transfer coefficients obtained from the experiments of the two type model-fluttering was made for several leaf models. One of the coefficients was that for a fluttering model whose leading edge swung when the rotating rod of the frame was placed on the leeward side of the model and the other was that for a fluttering one whose trailing edge swung when the rotating rod was placed on the windward side (Fig. 2) .
Because no significant difference was observed between the coefficients of either one in these experiments, the results obtained from the experiments for the fluttering model whose leading edge swung will be described.
The relationships between the measured transfer coefficient and the mean flow speed are illustrated in Fig. 3 , for a fluttering leaf model of 5 cm both in length and width at the fluttering numbers of 0.25, 0.5, 1, 2, 3 and 4 Hz. At any frequency, the water-vapor transfer coefficient was apparently proportional to the 0.5-th power of the mean flow speed under the speed range in the experiment, except for very low speeds at which an enhancing effect of buoyancy on the transfer was recognized. It is noticeable that the measured coefficients were larger than the fiducial ones calculated from Eq.
(2), which are applicable for laminar boundarylayer transfer coefficient for isothermal plate with parallel air-flow. Fig. 4 shows the relationships between the transfer coefficient and the mean flow speed for the 1 cm wide models of 16 cm and 32 cm in length, at the frequencies of 0.25 and 4 Hz. In both cases, the transfer coefficient was apparently proportional to the 0.5-th power of the mean flow speed below a certain speed, above which the power of flow speed was about 0.8. The latter numeral of the power indicates that the leaf model had a turbulent boundary-layer on the surface (Schlichting, 1960 
The exponents of l in Eq. (4) (1972) overlooked such a small difference between the resistances for flapping and stationary leaves at high wind speeds. One of the main factors affecting the boundary layer transfer is a fluid turbulence and another is a pressure distribution over the surface produced by the oblique attack of the air stream to the surface (Levy, 1952; Kestin et al., 1961; Haseba, 1975) . When a model flutters in the airflow, the main stream attacks the surface at various angles. In addition, the oblique attack of the air stream results not only from eddies contained in a fluctuating air-flow but also from those made by the separation of the boundary-layer and by the movement of fluid over the surface through the edges of the model (Harazono and Yabuki, 1981) . This oblique air stream to the surface produces a remarkable pressure-distribution which increases the boundary-layer transfer (Buyuktur et al., 1964; Kestin, 1966) . Haseba (1981) investigated the transfer coefficient for a horizontal plate forced to oscillate in a vertical direction in a laminar air-flow. The ratio of the experimental transfer coefficient to the one estimated according to the laminar boundary-layer theory was large at low wind speeds and very small at high wind speeds. In the present experiments, for fluttering plates in a highly fluctuating flow, the mean transfer coefficients are evidently proportional to the 0.5-th power of the mean flow speed. This suggests that there is a remarkable joint effect of the fluid turbulence and the pressure distribution resulting from an oblique air stream with respect to the surface, at high wind speeds.
Using the increment ratio, the mean water-vapor transfer coefficient (D, cm sec-1) for a fluttering leaf model at a 2 Hz fluttering number, for example, is written as follows, (7) The absolute value of the exponent of l for a fluttering leaf model is smaller than the value of 0.5 for the laminar boundary-layer theory; that is, the leaf length dependence of the transfer coefficient for a fluttering leaf in a fluctuating air-flow is less than that of the estimated one according to the laminar boundary-layer theory. It was suggested that an increase in transfer coefficient for a fluttering leaf with a highly turbulent flow was produced by the joint effect of the turbulence and the pressure distribution over the surface resulting from large eddies in the flow and model-fluttering.
Conclusion
There remain such problems to be solved as the effects of fluttering number and configuration of a leaf relative to air-flow on the transfer coefficient.
